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CHARACTERIZATION OF YTTRIUM ALUMINUM GARNET /YAG/
USING 14 MeV NEUTRON ACTIVATION
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A non-destructive method for the analysis
of yttrium, aluminum and oxygen in Yttrium
Aluminum Garnet /YAG/ by 14 MeV neutron
activation analysis has been developed
and evaluated. The fast neutron induces
primarily /n,2n/, /n,p/ or /n,a/ reactions
with yttrium, aluminum, and oxygen to
produce isotopes with measurable charac-
teristic gamma-ray spectra. Concentrations
of Y, Al and O were determined on the
basis of calibrated nuclear decay emission
spectra recorded on selected standards.
After each analysis the crystal was re-
turned to the furnace for further adjust-
. ments of the growth parameters, and any
resultant elemental variations were ob-
served in the next analysis. The accuracy
v of this method was determined by repeat-
ed analyses with various "YAG" crystals
from a series of separate furnace runs.
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BURNS et al.: CHARACTERIZATION OF YTTRIUM ALUMINUM GARNET £ '
.
INTRODUCTION o
YAG /Y3A150121 is widely used in the solid state \z
laser field as the light emitting source. For example, ‘k
a new holographic interferometer installed at the ‘ ~3
NASA Ames Research Center is based on a frequency- %i
doubled YAG laserl. Its unique physical properties, . Jﬁ
high peak power, good temporal resolution, and broad :3
spectral coverage are critical to a variety of appli- ;s
cations. In order to produce these high quality YAG ®
1asers3, it is necessary to synthesize high purity 3}
crystals with the correct stoichiometric composition. ‘$
This is difficult to accomplish due to the extreme “k
environment that is used for the synthésis and subsequent .Ji
single crystal growth. In this process, yttrium oxide jaf
and aluminum oxide are mixed and then melted at tem- 33
peratures above 2000 °c /Ref. 2/. It is important to 3?
find the best method to mix the oxides prior to heat- .
ing to the final temperature so that large compositional Lﬁ
variation in the crystals will not occur. The resulting ‘Q“
crystal must be characterized in order to determine the &;ﬁ
correct chemical composition of the melt. X-ray powder .§ﬁ
diffraction4 can be helpful in the detection of various gk
phases present. ﬁ’(
Accurate analysis for oxvgen determination using 14 ;ﬁ'

MeV neutrons has been a standard technique for many

b

yearss. Aluminum and yttrium each form isotopes which $§
decay with the emission of gamma rays and can be detect- ;ﬁ
ed and resolved with a Ge/Li/ detector.. Thus the con- ;E
centration of all three elements can be determined NG

NS

simultaneously on the same crystal.

4
IS
A

It is possible to use standard wet chemical techniques

f‘ J .l' ., -l'
'- o@ .,

&
L]

to analyze YAG quantitatively for aluminum and yttrium,
but not oxygene. Also, such analyses are destructive.
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Fig. 1.

Using the 14 MeV neutron activation method, all three
elements can be determined non-destructivelv while al-
lowing the same analyzed crystal to be returned to the
furnace for further adjustments of the growth para-

meters.
It is known that yttrium aluminum garnet /YAG/ can
accept impurity ions into its latticeg'lo. By judicious-

ly selecting and incorporating optically active impuri-
ty ions, the properties of solid state materials can be

tailored to specific applications.

EXPERIMENTAL

Procedure for yttrium and aluminum analysis

Samples were core drilled from the YAG boule using
a 1/4" diamond core drill in Fig. 1. Sample and stand-
ard were vibrated and tamped into individual 1.250" x
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Fig. 2.

0.304" diameter polystyrene capsules. The concentrations

of yttrium and aluminum were determined by counting

the 88Y and 24Na activities produced by a 10 min ir-

radiation using the 14 MeV neutron generator and
special irradiation equipment. A Canberra Series-80
multichannel analyzer in conjunction with a high re-
solution lithium drifted germanium detector was used
as the counting system. A typical gamma-ray spectrum
88 24
of Y, and

counts of the sample vs. the standard the gquantitative

Na is shown in Fig. 2. By comparing the

results for yttrium and aluminum were obtained.

Procedures for oxygen analyses

The same samples used for yttrium and aluminum analy-
ses were used for the oxygen determination. The oxygen
standard used was a Lucite TM cylinder of the same dimen-
sions as the sample. Sample and standard were placed in
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Fig. 3.

separate polyethylene holders for irradiation. In or-
der to obtain a uniform neutron flux both sample and
standard underwent three motions; rotation, revolution
and traverse5 as shown in Fig. 3. After irradiation for
20 sec the capsules were ejected from the neutron
generator to the counting station /Fig. 4/ through a
pair of flexible polyethylene tubes /3/4" diameter/
by means of compressed air. The samples were removed
from the polyethylene holders by a specially designed
stripper and dropped between two NaI/Tl/ detectors
where a photocell was activated to start the counting
sequenceg. Samples and standard were sequentially
dropped into the counting position. The complete ir-
radiation and counting process took only 2 min. Such
rapid and consistent transport enhances the accuracy
of the oxygen analyses.

A 6.1 MeV gamma-ray is produced when 16O reacts

with a neutron to form 7.1 sec 16N. As can be seen
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et s < imm

Fig. 4.

from Table 1, the short-lived 16N can be analyzed as

many times as necessary without any interference
from yttrium or aluminum.

The counting system consisted of two 5"x5" sodium
iodide thallium crystals. A vertical adjustment system
ensures that the sample is centered between the crystals
to maximize the 4n geometry. The electronics of the
counting equipment are shown in block diagram of Fig.

5. This system allows an energy window to be set up
using a single channel analyzer. The counts in the
energy window are used for the analytical data. By
using a calibrated pulser any drift in the energy peak
can be detected and adjusted.

From the radioactive decay equation it is seen that
the rate of disintegration depends on the number of
radiocactive nuclei present at any time. Integration of
the relationship.
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Signal from -~=-Interconnections
uncap sequence | for printout
i 2t s
~|Signat to ! g
> §| initiate i ~ S
5!5 wcape——itl § | & | SET|, 9T
o E o v o= 9| g;
Egs sequence 2 E: = X ?g’“ﬂ&‘%g Bin1
= gswmgcﬂl:ﬂ ig)sb:]os.é
H 1,S2,715 o 1 ? ¥ Input from preamp
Signal from i crystal
]
uncap sequence 2 ™
4 ~ ]
c
E‘E" G < s | 55 §°22| &2
vze E | |3 e | 25 |[682| 852 |an2
£ = - o - .‘—' .
-E.gg Signal to = L‘” - &8 .s-e—,"% 55% "
start ? o i g’, §) L
- l Input from preamp
To teletype crystat 2
Fig. 5.
._g%_ = —XN
gives N = Noe-xt
where N = number of radioactive atoms at any time,
No = number of radiocactive atoms at t=0,
A = radioactive desintegration constant =
0.693 /tl/2 .
No is calculated for both the unknown and the standard.
The counts in each counting interval is a definite in-
tegral.
N
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‘ N/unk/ pla!
N = enkl xelstal ’
; e -2
) -2 =)
a g
' N/std/ L
N > N /std/ = o
¢ o~ Mt/std/ _ e~/ std/ E
4 - -x ]
2
s The ratio of N_(unk)/N_ (std) is the ratio of oxygen ﬁ
. in the standard and the unknown, and Y
i

:E . N_unk . '
% Oxygen/g/in unk = ﬁ;;za x uxvgen/g/in std. %,
“ This method of calculation does not depend on the A
k exact reproducibility of time, only the interval of "
¢ time measurement. The sensitivity using this system is

v of the order of 1200-1300 counts per milligram of oxy- oy
0 gen. The accuracy of this method is considerably en- \
5 hanced by the removal of the irradiated capsule before f;
3

g counting. '&
A ¢ Standard NG
B N
& N High purity A1203, 99.,992%, from Adolf Mueller Co., -E
" and Y203, 99.999% pure, in powder form from Moly Corp., i
- were vibrated and tamped into a weighed polystyrene 0
f capsule. A 0.304" diameter x 1.250" long piece of }:
) Lucite was used for the oxygen standard. Once it was &E
K established that the YAG crystal was stoichiometric it o
- was used as the standard. This simplified the analysis ]
2; considerably. i;
X 163 y
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b,
Apparatus .
A Kaman A-711 neutron generator was employed in ?@
this work. High energy neutrons were produced by the §h;
O 8 ¢
3H/d,n/4He reaction using a 7 Ci tritigm on aztitai . &ft
- - Y
nium target. The neutron flux was 5x10° n cm sec o
at the sample position with deuteron beam intensity K ;ﬁj
of 4 mA. A
s
LR
-'.,:.h .
@
RESULTS AND DISCUSSION ‘g::;
, N
The quantitative results for yttrium and aluminum ﬁ&
were based on the measurement of the activity of the V:
1.84 MeV gamma peak of 88Y and the 1.369 MeV gamma »
peak for aluminum for both sample and standard. A Q&
Vs
simple comparison between sample count and standard )
count yielded the quantitative result. The values ??
of these determinations are given in Table 2. As can 34
be seen the relative standard deviation falls well with- lfﬁ‘
'.- .
in the quantitative region. 3
“u
Sources of error resulting from variation of the n
neutron flux9 from the generator, counting loss, and ;Nﬁ
decay correction due to multichannel dead time and o
B
pulse pile up losses have been taken into consider- Gt\
ation and eliminated. 2
e
]
-"
CONCLUSION s
hY)
This neutron activation technique is a powerful and
useful tool and also unique for the stoichiometric ﬁ:
analysis of YAG because it is nondestructive and allows §~(
macro-concentrations of three elements to be determined. E})
There is no other analytical method that can accomplish fL.
this. In our particular experiments we had several ;E
Sy
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.ﬁ%
grams of sample. However, the technique is not con- N
centration dependent as are most wet chemical methods. EE'
Recently strong luminescence with a wavelength at "§
390 nm was discovered in YAG undoped single crystalslo. . ﬁg
Oxygen deficiency is suspected to be a cause of this .{?
fluorescence. By using the neutron activation analysis ‘ .
technique in determination of oxygen concentration in '3§
YAG can prove invaluable. ’S%
A value of Y3A15012 was obtained from each of the ahh
three YAG samples_ indicating proper premixing before e 6‘2
the furnace treatment. It was also found that a pure ﬁg;
YAG crystal can be used as a comparative standard in &'
the analysis of newly prepared YAG crystals. i
w
o
b
REFERENCES 2
v’:v
g
Y
1. J.E. Craig, G. Lee, SPIE 26 Annual International ot
Technical Symposium, Aug. 1981. €
2. D. Viechnicki, F. Schmid, J. of Crystal Growth, 26 {ﬁ:
/1984/ 1le62. Y,
2%
&
3. D. Viechnicki, J. Caslavksy, Solid State Formation L }
of Nd: Y, Al 0l » Army Materials Technology Labora- LR
tory, MTE, Pelf. Report, 78-7. ﬂﬂ“
4. J.S. Abell, J.R. Harris, B. Cockayne, B. Lent, 32
J. Mater. Sci., 9 /1974/ 527. Rk
N
5. T.M. Rossell, L.D. Hulett, K.J. Northcut, J. Radio- -
anal. Chem., 75 /1982/ 259. - -’%‘
Y
6. W.S. Lyon, Jr., Ed., Guide to Activation Analysis, e
D. Van Nostrand Co. Inc., Princeton, 1964. N
>t
7. W.J. Croft, American Mineralogist, 50, 1634. .PT
] .?‘
WU
166 ()
e
3.“
\\k
R TAN AN, .\'
\

DROS TR HIOATA, TREeO WIS G A AL G S Gt SRl AN CC s WMARYCIG
B e L S R Ry P N o e o < N R A R A A s



Sl o ke e gy At hTHs (o a0 Wl ial ol Sa i $2k P08 el RIS, T R AT O R Y R YR IO T piat Sod Solk Sed Of 'u':

BURNS et al.: CHARACTERIZATION OF YTTRIUM ALUMINUM GARNET ::

x
23

: A,
8. H.F. Priest, F. Burns, G.L. Priest, Nuclear Instr. W
and Methods, 50 /1967/ 141. -
~
9. H. Priest, F. Burns, C. Forrest, G. Priest, An hly:
Irradiation Transfer and Counting System for Neutron ".
Activation Analysis of Short-lived Components and W
Inhomogeneous Samples Army Materials Technology e
Laboratory. MTL TR 70-21. 1970. »
10. J. Caslavsky, U.S. Army Materials Technology Labo- :?;,
ratory, Watertown Ma., /private communication/. £

(
f::

N il

Y,

[,
l,
3 1

Sl

Yy
&y

¥i
<l..

- e -
L ]
Pl

’

ot

P

AR a1

- -
'y

R,

R e

PR N
r g

b
~
167 R"

'-_,»!-. ",er,\\"\'i b!‘ .l', 5 l‘. .g‘ ‘.0.... “ ‘. '. .. ‘| 1 .. ‘| OO . PLAYS.) "~'5"~q' LAYV PO ] -,‘n.'-- L LI P ]
Syt ety “‘."'»"'u"'-'?'n"r"'."'ﬂ":i"10.‘“.';!"0:.'ol.'u":"‘:".'.u’e ot |‘!‘l .'e‘l'b::’.‘. o ‘:?IQO'; O't‘ A \.ﬁ ‘.\’ ™

» NS s,



DISTRIBUTION LIST

No. of

Copies To

No. of
Copies

To

Office of the Under Secretary of Defense for Research and
Engineering, The Pentagcn, Washington, DC 20301

1 ATIN: Mr. J. Persh

1 Dr. L. Young

1 Mr. K. R, Foster
Cowmander, U.S. Army Laboratory Command, 2800 Powder
Mill Road, Adelphi, MD 20783-1145

2 ATTN: SLCIS-IM-TL

1 SLCIS-TD

1 SLCIS-TD-A

1 SLCIS-PA

1 SLCIS-TP
Commander, Defense Technical Information Center, Cameron
Station, Building 5, 5010 Duke Street, Alexandria,
VA 22304-6145

2 ATIN: DTIC-FDAC

1 National Technical Information Service, 5285 Port Royal
Road, Springfield, VA 22161

Director, Defense Advanced Research Projects Agency,
1400 Wilson Boulevard, Arlington, VA 22209

1 ATTN: Or. P. Parrish
1 Or. B. Wilcox
1 Dr. K. Hardmann-Rhyne

Battelle Columbus Laboratories, Metals and Ceramics
Information Center, 505 King Avenue, Columbus, OH 43201
ATTN: Mr. W. Duckworth

Dr. D. Niesz

——

Department of the Army, Office of the Assistant Secretary
of the Army (ROA), Washington, DC 20310
ATTIN: Dr. J. G. Prather, Dep for Sci & Tech

Dr. J. R. Sculley, SARD

——

Deputy Chief of Staff, Research, Development, and
Acquisition, Headquarters, Department of the Army,
Washington, DC 20310

1 ATTN: DAMA-ZE, Mr, C. M. Church

Commander, U.S. Army Research and Development Office,
Chief Research and Oevelopment, Washington, 0C 20315
1 ATTN: Physical and Engineering Sciences Division

Commander, Army Research Office, P.0. Box 12211, Research
Triangle Park, NC 27709-2211
ATTN:  Information Processing Office

Dr. G. Mayer

Or. J. Hurt

Or. A. Crowson

Or. R. Reeber

Dr. R. Shaw

Or. R. E. Weigle

— s e

Commander, U.S. Army Materie) Command, 5001 Eisenhower
Avenue, Alexandria, VA 22333
ATTN: AMCLD, Dr. L. Hagan

AMCDE, Mr. D. L. Griffin

AMCQA-EQ, Mr. H. L. Light

AMCQA, Mr. S. J. Lorber

—— et

Commander, U.S. Army Electronics Research and Development
Command, Fort Monmouth, NJ 07703
1 ATTN: AMDET-ES, Dr. A. Tauber

Director, Electronics Warfare Laboratory, Fort Monmouth,
N 07703
1 ATTN: AMOEW-D, Mr. M. Adler

Commander, U.S. Army Materieil Systems Analysis Activity,
Aberdeen Proving Ground, MD 21005
I ATTN: AMXSY-MP, H. Cohen

Commander, U.S. Army Night Vision Electro-Optics
Laboratory, Fort Belvoir, VA 22060
ATTN: DELNY-S, Mr, P, Travesky

DELNV-L-D, Dr. R. Buser

DELNV-0, Dr, L. Cameron

—-

Commander, Harry Diamond Laboratories, 2800 Powder Mill
Road, Adelphi, MD 20783

1 ATTN: Technical Information Office

1 AMSLC-RAE

; AT AN

Py Y, 1y B ) WP BTy T R 4 > ot
ettt "~~":‘."°.":‘."t?"v.'.l:'?t.'f». NI SEA NN

—— —

—— s

[ L

—— e s

—— s

———

.
o

Director, U.S. Army Research & Technology Labs,
Ames Research Center, Moffet field, CA 94035

ATTN: ODAVOL-D, Dr. R. Carlson
DAVOL-AL-D, Or. I. C. Statler, MS215-],
Aeromechanics Laboratory
Commander, U.S. Army Missile Command, Redstone Scientific
Information Center, Redstone Arsenal, AL 35898-5241
ATTN: AMSMI-RD-CS-R/ILL Open Lit
AMSMI-RL, Dr. J. J. Richardson
AMSMI-R, Dr. W. C. McCorkle
Commander, U.S. Army Aviation Systems Command, P.0. Box 209
St. Louis, MO 63120
ATTN: AMSAV-NS, Mr. M. L. Bauccio
Technical Library
Commander, U.S. Army Natick Research, Development, and
Engineering Center, Natick, MA 01760
ATTN: Technical Library
Dr. J. A. Sousa
Or. R. J. Byrne
Dr. R. Lewis
Commander, U.S. Army Satellite Communications Agency,
Fort Monmouth, NJ 07703
ATTN: Technical Document Center
Commander, U.S. Army Science and Technology Center
Far East Office, APO San Francisco, CA 96328
ATTN: Terry L. McAfee
Commander, U.S. Army Communications and Electronics Command,
Fort Monmouth, NJ 07703 .
ATTN: AMSEL-TDD, Mr. T. A, Pfeiffer, Technical Dir.
Director, Electronic Technology and Devices Lab,
Fort Monmouth, NJ 03
ATTN: DELET-D, Or. C. G. Thornton
Commander, U.S. Army Tank-Automotive Command, Warren,
M[ 48090
ATTN: Or. W. Bryzik
D. Rose
AMSTA-RKA
AMSTA-UL, Technical Library
AMSTA-R
AMSTA-NS, Dr. H. H. Dobbs
Commander, U.S. Army Armament, Munitions and Chemical :‘\ b
Command, Dover, NJ 07801
ATTN: Mr. J. Lannon ‘
Mr. H. E. Pebly, Jr., PLASTEC, Director N
Technical Library '.‘:\.r‘
Dr. 7. Davidson R S
Dr. 8. Ebihara a0
AMSMC-LC(D), Or. J. 7. Frasier e
AN,
Commander, U.S. Army Armament, Munitions and Chemical S
Command, Rock Island, IL 61299 -",f:' :
ATTN: Technical Library "r
Commander, U.S Army Armament, Munitions and Chemcial Ny
Command, Aberdeen Proving Ground, MD 21010 " \
ATTN: AMSMC-CLN-ST, Mr. S. Shukis a\?\'
LY
Commander, Aberdeen Proving Ground, MD 21005 (A."'\
ATTN: AMDAR-CLB-PS, Mr. J. Vervier $\$\
~n Y
U.S. Army Corps of Engineers, Construction En?meermq f\'\.\'
Research Lab, P.0. Box 4005, Champaign, L 61820
ATTN: Or. Robert Quattrone >
]
Commander, U.S. Army Belvoir RD&E Center, \ib..
Fort Belvoir, VA 22060-5606 '\-, g
ATTN: STRBE-FS, Mr. W. McGovern, fuel & wWtr Sup Div ‘-’Nf
AMOME -V, Mr. E. York \}H.
AMDME -HS, Dr. K. H. Steinbach -'p
AMOME-IT, Mr. T. W. Lovelace. Tech Dir Do
Mr. M. Lepera Al
Director, U.S. Army Ballistic Research Laboratory, .
Aberdeen Proving Ground, MO 21005 AN
ATTN: AMDAR-BLT, Dr. A. M. Dietrich '.F\'f‘
AMDAR-BLF, Dr. A, Niller ..,\{
AMDAR-BLI, Mr. L. Watermeier ‘.\._ \
AMSMC-8L (A), Dr. R. J. Ercheliberger ';tf
R
Rl

™ e

A W e P ) “u
x ATNVELT A




LN TN

ERAPLT S (yota vy g1 g WA ‘gl gts gt ‘8 g’h gt BN G CMNY ol "4 ¢ TN (XN LUK it 'al X L e TR
No. of No.
Copies To Copies To
Commander, Rock Isltand Arsenal, Rock Island, Commander, Air Force Armament Center, Eglin Air Force
IL 61299 Base, FL 32542
1 ATTN: SARRI-EN 1 ATTN: Technical Library
Director, U.S. Army Industrial Base Engineering Activity, National Aeronautics and Space Administration, Lewis
Rock Island, IL 61299 Research Center, 21000 Brookpark Road, Cleveland,
1 ATTN: AMXIB-MT, Mr. G. B. Ney OH 44135
1 ATTN: J. Accurio, USAMROL
Chemical Research and Development Center, Aberdeen 1 Dr. H. B. Probst, MS 49-1
Proving Ground, M0 21010 1 Dr. S. Dutta
1 ATTN: AMSMC-CLO(A}, Or. B. Richardson
National Aeronautics and Space Administration, Washington,
Commander, U.S. Army Test and Evaluation Command, DC 205
Aberdeen Proving Ground, MD 21005 1 ATIN: AFSS-AD, Office of Scientific and Technical [nfo.
1 ATIN: AMSTE-ME
1 AMSTE-TD, Mr. H. J. Peters National Aeronautics and Space Administration, Langley
Research Center, Hampton, VA 23665
Commander, U.S. Army Foreign Science and Technology Center, 1 ATIN: Mr. J. Buckley, MS 387
220 7th Street, N.E., Charlottesville, VA 22901 1 Dr. J. Heyman, MS 231
1 ATTN: NWilitary Tech 1 Mr. R. L. Long, MS 266
1 Wr. J. Crider
1 Ns. P. Qurrer Commander, White Sands Missile Range, Electronic Warfare
1 Mr. P. Greenbawm Laboratory, OMEW, ERADCOM, White Sands, NM 2
1 ATTN: Mr. Thomas Reader, AMSEL -WLM-ME
Chief, Benet Weapons Laboratory, Waterviiet, NY 12189
1 ATTN: AMOAR-LCB-TL Department of Energy, Division of Transportation,
1 Or. G. 0'Andrea 20 Massachusetts Avenue, N.W., Washington, DC 20545
1 AMDAR-LCB, Or. F. Sautter _ 1 ATTN: Mr. G. Thur
1 Dr. R. J. Gottschall, ER-131, GTN
Director, Eustis Directorate, U.S. Army Mobility Research
and Development Laboratory, Fort Eustis, VA 23604 Department of Transportation, 400 Seventh Street, S.W.,
1 ATTN: SAVDL-E-MOS (AMCCOM) Washington, DC 20590
1 ATIN: Mr. M. Lauriente
Commander, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, MS 39180 1 Mechanical Properties Data Center, Belfour Stulen Inc.,
1 ATTN: Research Center Library 13917 W. Bay Shore Drive, Traverse City, MI 49684
Project Manager, Munitions Production Base, Modernization National Bureau of Standards, Washington, 0OC 20234
and Expansion, Dover, NJ 07801 1 ATTN: E. S. Etz, Bldg. 222, Rm A-lz?
1 ATTN: AMCPM-PBM-P 1 D. L. Hunston, Bldg. 224, Rm A-209
1 Or. D. H. Reneker, Dep. Dir., Ctr for Matl‘s Sci.
Technical Director, Human Engineering Laboratories, Aberdeen 1 Dr. Lyle Schwartz
Proving Ground, MD 21005 1 Dr. Stephen Hsu
1 ATTN: Technical Reports Office 1 Dr. Allan Oraggoo
1 AMXHE-D, Dr. J. 0. Weisz
U.S. Bureau of Mines, Mineral Resources Technology,
Chief of Naval Research Arlington, VA 22217 2401 E. Street, N.W., Washington, OC 20241
1 ATTN: Code 471 1 ATTN: Mr. M. A. Schwartz
1 Or. A. Diness
1 Dr. R. Pohanka National Bureau of Standards, Gaithersburgh, MD 20760
1 ATIN: Or. S. Wiederhorn
Naval Research Laboratory, Washington, DC 20375 1 DOr. J. B. Wachtman
1 ATTN: Code 5830 1 Dr. N. Tighe
Headquarters, Naval Air Systems Command, National Research Council, National Materials Advisory
Washington, OC 20360 Board, 2101 Constitution Avenue, Washington, OC 20418
1 ATTN: Code 5203 1 ATTN: Or. X. Iwilsky
1 D. Groves
Headquarters, Naval Sea Systems Command, 1941 Jefferson 1 R. M. Spriggs
Davis Highway, Arlington, VA 22376 1 J. Lane
1 ATTN: Code 035
National Science Foundation, Materials Division, 1800
Headquarters, Naval Electronics Systems Command, G Street, N.W., Washington, OC 20006
Washington, DC 20360 1 ATTN: Dr. L. Toth
1 ATIN: Code 504 1 Dr. J. Hurt
Commander, Naval Ordnance Station, Louisville, KY 40214 AiResearch Manufacturing Company, AiResearch Casting
1 ATTN: Code 85 Company, 2525 West 190th Street, Torrance, CA 90505
1 ATTN: Mr. K. Styhr
Commander, Naval Material Industrial Resources Office,
Building 537-2, Philadeliphia Naval Base, Philadelphia, AVCO Corporation, Applied Technology Division, Lowell
PA 19112 Industrial Park, Lowell, MA 01887
1 ATTM: Technical Director 1 ATTN: Or. T. Vasilos
Commander, Maval Weapons Center, China Lake CA 93555 Case Western Reserve University, Department of Metallurgy,
1 ATTN: Mr. F. Markarian Cleveland, OH 60605
1 ATIN: Prof. A. H. Heuer
Commander, U.S. Army Wright Aeronautical Labs, Wright-
Patterson Air Force Base, OH 45433 Defence Research Establishment Pacific, FMO, Victoria,
1 ATTN: Or. M. Tallan 8.C., VOS IBO, Canada
1 Dr. H. Graham 1 ATTN: R, D. Barer
1 Or. R. Ruh
1 Aero Propulsion Labs, Mr. R. Marsh European Research Office, 223 0ld Maryleborne Road, London,
1 Or. H. M, Burte NWl - Sth, England
1 AFMAL/MLLP, Mr. 0. Forney 1 ATIN: Or. I. Ammad
1 AFML/MLLM, Mr. H. L. Gegel
1 AFSC/MLLM, Dr. A. Katz

SRR

l,

..
'-

AR S

P

LA

%{
(2

D 9% 4

\ B
Sy

S

g .
i g

hl
- EY

Ay X, Ay
Pl

L -y

A,

»

.
P¢
&

r
NS

¥
0

Iy

e
.

L Pl A S, ¢
oy
LA S 41;”1'"..\

e

4
*

.

-
-
-
&

4

- ‘~ LIt SR SN
PN, ML

' =T d

AN



. 1 “3
TGN IO
Tt . v ?U H.

RN

B oy igh el Moy €ad af Vo8 a9 VP ¢ o) Sof .8 8.8 9.8 8,8 3,8 G4 8.0 08

d ol e - ol B, § - ¥ .
gl
> '.J‘.‘.,\
.r\ix'.\.*

S,
]
-F.,_-I"‘:"' ¢
PN
No. of . No. of \j\ Wy
Copies To Copies To b ‘-‘. o
Ford Motor Company, Turbine Research Department, 20000 Rensselaer Polytechnic Institute, Department of Materials -':3:-‘: ;:,‘
Rotunda Drive, Dearborn, MI 48121 Engineering, Troy, NY 12181 I\ ‘d" i
1 ATTN: Mr. A, F. McLean 1 ATTN: R. J. Diefendorf R AT
1 Mr. J. A. Mangels
Oak Ridge National Laboratory, P.0. Box X
Ford Motor Company, P.0. Box 2053, Dearborn, MI 48121 Oak Ridge, TN 37830 W)
1 ATTN: Or. D. Compton, Vice President, Research 1 ATIN: P. F. Becher ) )
i V. J. Tennery N
General Electric Company, Research and Oevelopment Center, R. Johnson
Box 8, Schenectady, NY 12345 w&ﬁ:t:n“
1 ATTN: Or. R. J. Charles Sandia Laboratories, Albuquerque, NM 87185 LY I
1 Or. C. D. Greskovich 1 ATTN: Or. F. Gerstle, Div 5814 b‘\ Yy
1 Dr. S. Prochazka [ 3-8 Sl 'l
The John Hopkins University, Department of Civil Engineering/
Georgia Institute of Technology, EES, Attanta, GA 30332 Materials Science and Engineering, Baltimore, MO 28218 e o
1 ATIN: Mr. J. D. Walton 1 ATTN: Dr. R. E. Green, Jr ‘,.:?‘,, M
«
GTE Sylvania, Waltham Research Center, 40 Sylvania Road, 1 Director, Office of Science and Technology Policy, 0ld ':-:-f'\: ‘»
Waltham, MA 02154 Executive Office Building, Washington, DC 2022 '.p.}",,\,"
1 ATTN: Or. W. H. Rhodes AN
Subcommittee on Science, 2319 Rayburn House Office Building, ‘ﬁ)F\)ﬂJr
Martin Marietta Laboratories, 1450 South Ralling Road, Washington, DC 20515 ! t
Baltimore, MD 21227 1 ATTN: Mr.'P. C. Maxwell N g
1 ATTN: Or. J. Venables [ ) @
Aerospace Corporation, Materials Science Laboratory, vy g hig"
Massachusetts Institute of Technology, Department of 2350 East E1 Segundo Boulevard, El Segundo, CA 90245 Rty _ i
Metallurgy and Materials Science, Cambridge, MA 02139 1 ATTN: Dr. L. R. McCreight n’iﬁ‘.\
1 ATTN: Prof. R. L. Coble U\‘u ‘V“
1 Prof. H. K. Bowen IBM Corporation, Thomas B. Watson Research Center, % pk,- "
1 Prof. W. D. Kingery Yorkstown Heights, NY 10598 AN
1 Prof. J. Vander Sande 1 ATTN: Dr. G. Onoda :.)."'\;'\“f ¢
u
Materials Research Laboratories, P.0. Box 50, Ascot Vale, Corning Glass Works, Research and Development Division, 5{\%_‘ '~
VIC 3032, Australia Corning, NY 14830 L )
1 ATTN: Dr. C. W. Weaver 1 ATTN: Dr. W. R. Prindle TN
R
Midwest Research Institute, 425 Volker Boulevard, M Company, New Products Department, 219-01-01, 3M Center, -'_'-'.'-?:.':
Kansas City, M0 64110 St. Paul, MN 55144 ‘.
1 ATTN: Mr. G. W. Gross, Head, Physics Station 1 ATTN: R. E. Richards
Pennsylvania State University, Materials Research Laboratory, Technology Strategies, Inc., 10722 Shingie Qak Ct.,
Materials Science Department, University Park, PA 16802 Burke, VA 22015
1 ATTN: Prof. R. Roy 1 ATTN: Or. E. C. Van Reuth
1 Prof. R, E. Newnham
1 Prof. R. E. Tressler Rutgers University, Center for Ceramics, Rm A274,
1 Dr. C. Pantano P.0. Box 909, Piscataway, NJ 08854
1 Mr. C. 0. Ruud [ ATTN: Prof. J. B. Wachtman, Jr., Oirector
State University of New York at Albany, Depariment of Syracuse University, 304 Administration Building,
Physics, Albany, NY 12222 Syracuse, NY 13210
1 ATTN: Prof. W. A. Lanford 1 ATTIN: Dr. V. Weiss
State University of New York at Stony Brook, Department of Lehigh University, Materials Research Center #32,
Materials Science, Long [sland, NY 11790 Bethlehem, PA 18015
1 ATTN: Prof. F. F. Y. Wang 1 ATIN: Dr. 0. M. Smyth R Crees,
SN
Stanford Research International, 333 Ravenswood Avenue, Alfred Untve-<ity, New York State College of Ceramics, .'~'\-'\-'.\-‘.
Menlo Park, CA 94025d Alfred, NY 14802 e
1 ATTN: Or. P. Jorgensen 1 ATTN: Dr. R. L. Snyder ATV
i Dr. D. Rowcliffe AN
University of California, Center for Advanced Materials, ‘4-\_-\: )
United Technologies Research Center, Fast Hartford, €T 06108 D58, Hildebrand Hall, Berkeley, CA 94720 J\;,:\".u
1 ATTN: Or. J. Brennan 1 ATTN: Prof. G. Somorjai stetwTe A
1 Or. K. Prewo
Boeing Aerospace fompany, 11029 Southeast 291, Auburn, O,
University of California, Lawrence Livermore Laboratory, MA 98002 ! \}\.{
P.0. Box 808, Livermore, CA 94550 1 ATTN: W. £. Strobelt MM?\’\ 4
1 ATIN: Mr. R. Landingham N4
1 Dr. C. F. Cline University of California, Materrals Science and Minerat RN, ," f
1 Dr. J. Birch Holt Engineering, Heart Mining Building, Rm 284, Berkeley, 'J-'n *\’\ \
CA” 94720 DO
University of Florida, Department of Materials Science and 1 ATTN: Prof. G. Thomas -?,’\v‘-’
Engineering, Gainevislle, FL 32611 iy
1 ATIN: DOr. L. Hench Director, U.S. Army Materials Technology Laboratory,
Watertown, MA 02172-0001 5 i m *
University of Washington, Ceramic Engineering Division, FB-10, 2 ATTN:  SLCMT-IML -f'\ "
Seattle, WA 98195 3 Authors "~

1

1

1

ATTN: Prof. R. Bradt

Westinghouse Electric Corporation, Research Laboratories,
Pittsburgh, PA 15235
ATTN: Or. R. J. Bratton

Battelle Pacific Northwest Lab, NOT Section, Richland,
WA 99353
ATTN: Mr. A, Birks, Associate Manager

DROUOOO
DN AW IR MMNO)
ARG AN KK

R
TRIN NG 1S Yy vy,

:tv N

ALY RS S AN

% \.“\:\‘
’\

:\. s ".‘w:\';
sy
ARV A VA

a

TSN AT AT ol
PNRSACAN A AUATN



-r————

~l
_
_
_
!
I
|
_
|
!
|
_
t

N

L A ARt J0 L ia, B Woa ) ,.:J,.)sv OV A SNOLAEA
yiim asAprur pajeada s Ag LW} SEM [0y Lot 140 Foeansae ay) tstsheue

PXAU Y] UL PAAEINGO WM LU R ARA B U Jub ynsaa Aup pue “sadlawe.aed yimoab ¢
AT B0 e SOUpe sty 104 PN AL O DAL ag NeM 1215440 Y} sisA{eue yoiea
dd gy SPACPUE IS DU ua papal wre Rl rads GoUSStwe APDIAP UPI|DNU PITRAQL PO
JO SUSPQ AYY GO POULEAS LD dom PUE [y A JU SUOLRAUS U0 ) TRa)dads Ae.-euweb
JUISLADIIRAPY Y Q| QRANSPAm Yt M sadugisd wpoad o) uabAxt pue ‘wutwn e tunia1l4 Ytk
SUOL )P /0 U/ 10 Cedtuy tsugtug Apraewin ad h@nput uuagnau 35€y 3yl "pajen|ead
pue padudAdp U] HPY SLSABUR LOTIRALLIE UDAIROU AW B AQ /9YA/ idUJeD WwnuLWwn|Y
WRLATIA UL UabAxo pUP WHULWNEE “wi a1}/ J0 SUSALFUR 9y} Aty POYIAW JALYOINAIS3p-uby

s

stsAjeue uabAxg
AduIS04] 10dS Aea-eumwe9 -
BOAIN3U AWM Bl

SYHTCULIGL I 103l0ug y/Q “Soqed-sny(L
1d g1 */861 49QWaHa] ‘U9-/y ¥l 1LW 140d9y [eI1uyda)

AysAe(s®) " Ae|SO4R(* pup

spaom Aoy Uy 4§ AUL[APYILY ‘suang 1534404 - NQILVAILIY
NOYININ AW B1 INESH /9YA/ LINYY9I
8] 1
zo_:mﬂ_wmwmqmw“%:_ NI WINTWATY WNTHLLA 30 NOTLVZI¥ILIVEVH)
[000-2/120 $319SNYIPSSeR ‘UMOJIIIeN
av Kavreauqey Abojouydaj sqpecadley Lway SN

e . —— —— —— — o ——— —— — —— — — — — — —m— — — —

un o @deuuny 93e4edas 4O SIS P wOAy S|PISAUD YA, SNOLUPA

ylim sasheue pay 01 AQ pauLwadlaIp SEM POYIAW 1yl JO /oeandde ayj ‘sLsA|eue

1x3U Y] UL PAAAISQO i SUOLIRLAPA [BIUSWILD Jue(NnsIa Aue pue ‘suajaweded yimoub
3yl 40 SIUBWISNCPE JBYIANS J40) JIRUAN Y] 01 PAUUNIAJ Sem [P15A4D 3yl sisheue ydes
1314y CSPARPURIS PAIIA[IS U0 PIPA0IAA eA1IAAS UOLSSIWS ABI3P 4e3(DNu pajeaqL|ed

JO SISEQ 3y} UO PAULWAIIIP d43M () PUB [y ‘A JO SUOLIPJAIUIIUOY  "eu}dads Kea-eunveb
1151431004040 21 QRINSEAM YIiM $3d0I0SY Onpoid 03 udabAx0 pue ‘wWhULWNGe ‘wN1a3Ih Yim
SU01}3e3s /o'u/ 10 ‘/d'u/ ‘suztuy ALdewtad SIMpPuL HOAINIU JSeY Y] "pIjeNn|eAd

pue pado|IA3p U3IQ SeY SISA|PUR UO[IPAL]IR UOAINIU AW p[ A4 /9vA/ 13UJde] wnulwn|y
wnia114 Ul u3bAxo pue wnurwnie ‘wnia3}f J0 SISA|RUE Iyl JOJ DOYIAW 3AL)INIISIP-UOU ¢

stsAeue uabhxg
Ad07504323ds Aeu-euwes
ucuIN3U AM Yl

2O 20119111 123foud y/Q *sarqei-sn|!
- dd g /861 43QW33Q ‘¢9-/8 ¥l LW 34003y [€O1UYI3Y

AysAp se) " Ae|sSoJe[ pue

P e e g ) ... K
xe......r\.s..‘.. AN ] :u... %

0 J N--
I ANV LS

SQUB BIRHANG a3batdan JO Laraas Powmuay v sA o (Yya, SHULIRA

YItm Sask(eue patradaa AQ pOULWId ol HEM DOYLAL -1y ) ja Fapanor ayl CSiuA[RUR

1XAU BYT UL PIAUISQO JUIM SUDLIELIBA [EJUMIS] D U159 Aul pur “5ad sk aprd yimoab
Yl JO STUAWISALPE YU 404 IIPUANY U] 0 POUINTIL LM [E1544) Ayl sisAeur yoeg
4913y CSPARPURYS DAL UN PAPUN AL P I1I305 UOLSY 1w ARIAD JPALINU PAIPIQLIP)

JO S1SeQ 9Y]l uO pIULMIAYIP IJ3M () put |y YA 40 SUCLIPAJUIIULY)
J171514330040Y) 31 qeanseaw yitm sadojost oonpoad o3 uabfx0 pue ‘wnuiwn)e ‘wNEaY A Y
SUVL]Ie3s /U/ a0 ‘/dtu/ tyugtuy/ Apvaewiad S MNPUL UUATNIL 150} 3Y[  TPAJEn(eAI

pue pado|aA3p u3IG SPY SISA{PUP UOLIPALTIR UOAINSU AJW p[ AQ /9yA/ 19uJPg wnuiuniy
WNL4} A UL U3BAXO pue wnulwn(e ‘wniajls Jo SESALEUR 341 404 POYIAW IALIINIISAP-UIU ¢

stsAeue uubAxq
£d02s04123ds Aeu-ewwey
UoIIN3U AW b

CYH 20119111 123f04g ¥/Q "$31q@I-Sn| {1
- dd g /861 43qWadaQ ‘29-/g ¥i VLW 14003y |ed1uydd]

Axsae|Se) "1 AR|SO4@( pue

spdoM A3y UdY) T4 QUL {IBYIW ‘Su4ng 1534204 - NOIIVAILIY
: NOYLNIN AW 1 ONISNH /9VA/ L3INYY9
NOILNGIYLSTO QILTWIIND
1 M_u:_mmq..w“._d 1w WONTWATY WNIYLLA 30 NOI1IVZ]¥I1IVHVHD
o 1000-2/120 S113SNYIRSSER ‘UMO1133eN
av Ki01e20qe ABO(OUYIB] S|PLAIIRK Auay S M

"SUNJ @Ieudny 31eardas O S3L 43S B WOAy S|€ISAUD ,IyA, SNOLURA

y1imM s3sA|eur pajeadas £Q paulwadlap SeM DOYIAW Yy Jo £oeandde gy Csishjeue

1X3U BY] UL PaAIISTO JaM SUOLIPLJRA [PIudWd[3 Jue} nsas Aue pue ‘sidjaweaed yimoab
Ayl 40 SIUBWISNLPEe 43YTAN A0} IIPUUNY 3Y) 0} P3UINIIJ SPM 1e1sA42 ayr stshjeue yoed
437JY  TSPAEPURIS P3| IS UD PAPLOIAA PU43IAdS UOLSSIWA ARPIBP 4RI INU PIjeuqLed

$O SISPQ 3Yl UO DPIUIWIIIIP 34IM [ DUR (Y A JO SUOLIPUIUIIUO) "e4133ds Aeu-eumed
2115143730403 31qUanseaw Ytk 53doj0st 3dnpoid 03 udbAx0 pue ‘wnuilum|® ‘wNiaIk YIm
SUDL1I83J /0*u/ 40 ‘/d*u/ ‘/uz‘uy A{tdewrad S3OXNpUL UOJ4INIU ISP Yl  PIIEN|RAI

pue pado|3A3p VIIQ SPY SLSA|PUR UOIIBALIIE UOJIIN3U A p] AQ /9yA/ 19UJRY wnuLwn|y
wnia33s Ul udbAxo pue wnulwnP ‘wnia)lf Jo SESAPUR JYl 10y POYIAW 3ALIINAISIP-uou

stsheur uabAxg
Ad03504123ds Avu-eunwey
uoaIN3u AW pl

ZoH" 20119111 193004d y/Q *S3LQRI-Sny|L
- dd g1 ‘/861 430330 29-/§ ¥L N 14043y (@I1UYI3|

Aysae|Se) 7 Ae[SOJE[ pue

5
AR

ce4}23d5 Aeu-eumeb’

spaom Aay U3Y) T4 AULL3BYILY ‘sudng 1534404 - NOTIVAILDY SpaoM Kay UAYY T4 AULLIRYILE Csuang 1534404 - NOLLIVALLDY
NOYLMIN AOW b1 INISR /9YA/ 1INYV9 NOYLNIN AW b1 ONISN /IVA/ LINYYO
n NOLLNGIYLSIa IWI NN
NOLINGIHISLO Q3L I WONIWNTY WTYLLA SO NOILVZ¥310VHYH) O WONIWOTY HNIYLLA 40 NOILVZI¥3L0VavH)
1000-2/120 $1313SNYdRSSey ‘umolidiey . A Mooo-m:wo $313sNydesse ‘umojuajey
av Kaorei0qe A60ojouyd3) s|eidarey Away S ay J03e40qe) KBojouyd3) s{e14dlew Away “S'n
. 2 - e R on Ve e - # L R - S R P o e - PRty g S - LT -

“

Sp

'
L

‘\-"‘\'\ ] .

o ‘ . I!.. '

et

Y,

DO

o

DO
ROty

'\
0

5
N



Tat et R N A R R L AU A X R A N O R R R O T T TR 50200, 0 5. 2 0o 0 Ve 08+ 0"

=MD

e g S T
i'..‘

27 <

LS TSNS
.

P A
Be % M 4
rraIs

PR AT S
LA

s - - -

>
-

x5 %y
L3

50,

e

K

! 4
: N
, an

e Y
R

";‘:;¥ : ;';i;._: ol )

X~

Py

T

v

' " 4

b " A '

D) ‘\ »
L

b o N
e

o
Yy %

N
<, ..f',\‘.f.. )
A P XXX

) ‘.s:
, -1::::::> i l' (:::!-"' s

N I TR IR R R T T g WL AW R e
- v"‘.":s“'.:,"ﬁ:f*.af’Z:!'.",':lf'.'?'.!,'&_ A A e AT NS SO0 ..l ""{'\". Y W WA W3 ‘.\-' .'|".l o



